Since the advent of optical coherence tomography angiography (OCT-A), nonexudative neovascularization has been described in the fellow eyes of unilateral exudative age-related macular degeneration (AMD). However, there is limited literature describing the natural course and optimal management of these lesions.
A ge-related macular degeneration (AMD) is a major public health concern globally and is projected to affect nearly 300 million people by 2040. 1 Age-related macular degeneration is classified as early and intermediate AMD, with features of drusen and retinal pigment epithelium (RPE) changes, and late AMD, which includes exudative AMD, characterized by the presence of choroidal neovascularization (CNV). 2 Clinical fundus examination showing the presence of exudation and hemorrhage is the sine qua non of CNV. However, more recently, histological studies have demonstrated the presence of nonexudative neovascularization in some eyes with early or intermediate AMD.
3,4 Moreover, clinical studies have been able to detect nonexudative neovascularization as a hyperfluorescent plaque using indocyanine green angiography (ICGA). 5, 6 On fluorescein angiography (FA), such lesions may show window defects without signs of neovascularization or late speckled hyperfluorescent lesions lacking well-demarcated borders but without signs of typical occult CNV, such as late-phase leakage of undetermined source or pooling of dye in the subretinal space. 6, 7 With the advent of optical coherence tomography angiography (OCT-A), the detection of nonexudative CNV became much easier.
5,6,8-11
We, and others, 6,10-12 have reported that nonexudative CNV is observed in the fellow eyes of exudative AMD at a prevalence between 11% and 27%. However, to our knowledge, there are limited studies regarding the risk of developing exudative changes in such eyes, and therefore the clinical significance of these lesions was unclear. Some hypothesized that this nonexudative neovascularization is compensatory vessels against ischemia and protects against RPE atrophy. 13 In the current longitudinal study, we investigate the incidence of fellow eye involvement in patients with unilateral exudative AMD especially focusing on nonexudative neovascularization. We also assessed the OCT-A findings of the fellow eyes before and at the onset of the exudative changes.
Methods

Patients
Data for this study was taken from a prospective, observational cohort study involving patients with exudative AMD in the Asian AMD Phenotyping Study. 14 Detailed methodology has been published elsewhere. [15] [16] [17] The study was approved by the Singhealth Centralized institutional review board and was conducted according to the tenets of the Declaration of Helsinki.
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Written informed consent was obtained from each patient before participation in the study. Patients suspected of new presentation of exudative AMD, polypoidal choroidal vasculopathy (PCV), or retinal angiomatous proliferation (RAP) were invited to participate, and eligibility was confirmed after clinical examination and review of angiography results by retinal specialists. The current study is an extension of our previous study, 12 and the data for this study was taken from patients with unilateral AMD who were recruited between October 2015 and March 2016 at the Singapore National Eye Centre and had gradable OCT-A and ICGA of the fellow eye at baseline and follow-up at least 6 months apart. Only patients with a minimum of 6 months of follow-up were considered for analysis, which started in June 2017.
Clinical Examinations
All patients had a standardized history and clinical examination, including measurement of best-corrected visual acuity, slitlamp biomicroscopy indirect fundus examination, and underwent FA and ICGA performed with the Heidelberg Spectralis HRA (Heidelberg Engineering) or flash camera (TRC-50DX, Topcon) and swept-source OCT-A (SS-OCT-A) (DRI OCT Triton, Topcon), together with spectral domain OCT with enhanced depth imaging mode (Spectralis, Heidelberg Engineering). Thirty degrees of retina were scanned along the horizontal planes through the foveal center. The averaging systems of OCT were used and 30 images were averaged for each scan.
Diagnosis of Typical AMD and PCV
Exudative AMD was diagnosed when there was evidence of CNV associated with nondrusenoid retinal pigment epithelium detachment, serous or hemorrhagic retinal detachment, subretinal hemorrhage, or subretinal exudation. 14 According to FA, ICGA, and OCT findings, patients with exudative AMD were divided into 2 subgroups consisting of those with typical CNV and those with PCV. Polypoidal choroidal vasculopathy was diagnosed based on the criteria of the Japanese Ophthalmological Society, 19 which define PCV as the presence of a polypoidal lesion with a branching vascular network on ICGA results, with concomitant exudation or hemorrhage.
SS-OCT-A Image Acquisition
All eyes underwent SS-OCT-A imaging at baseline or during their early follow-up period. En face images were used to evaluate presence of flow signals. 12, 20, 21 The SS OCT Angio is based on Topcon OCT Angiography Ratio Analysis algorithm. 22 The instrument uses a light source with a center wavelength of 1050 nm and scans at speed of 100 000 A-scans per second, which yields axial resolution of 8 μm and depth of 2.4 dB/mm. Each OCT-A volume scan contains 320 × 320 pixels and covers an
Key Points
Question What is the incidence of fellow eye involvement in patients with unilateral exudative age-related macular degeneration with and without nonexudative neovascularization as detected by optical coherence tomography angiography and/or indocyanine green angiography?
Findings In this prospective observational study of 95 patients with unilateral age-related macular degeneration, the estimated annual incidence of fellow eye involvement was 18.1% and 2.0% in those with and without nonexudative neovascularization, respectively, with a statistically significant difference.
Meaning The presence of nonexudative neovascularization predisposes to the development of exudative changes; however, treatment should only commence when exudation develops.
area of 3 × 3 mm. The OCT Angiography Ratio Analysis algorithm is based on detecting the degree of motion between consecutive OCT images. Briefly, OCT B-scan images are collected at the same transverse location 4 times. These 4 images are registered with each other using registration algorithm. The degree of motion is then calculated to allow extraction of blood flow. This procedure is then repeated for different Y-position in the retina to achieve the 3-dimensional data set and to reconstruct en face OCT-A images.
Nonexudative CNV
The definition of nonexudative CNV has been as described in our previous article. 12 En face SS-OCT-A was used to access the presence of flow signals or neovascular tissue. 20,21 Automated layer segmentation for outer retina (70.2 μm below the junction between inner plexiform layer and inner nuclear layer to Bruch membrane) and choriocapillaris (Bruch membrane to 10.4 μm below Bruch membrane) were used for the analysis. We evaluated the accuracy of automated segmentation and performed manual adjustment if necessary in all cases. 21 The eyes were diagnosed as having neovascularization when the scans of the outer retinal layer, where flow signals are normally absent, showed a vascular network. In cases in which outer retinal slabs showed faint flow signal of neovascularization, the choriocapillaris slab was also used as a reference. Where the neovascular membrane had a distinct border, quantitative analysis of the neovascular membrane was performed using the in-built software system (IMAGEnet6, Topcon) by manually outlining the contour. Size measurement was challenging in 1 case because the neovascular membrane had indistinct borders. In ICGA results, the eyes were diagnosed as having neovascularization when they exhibited focal choroidal hyperfluorescence (plaque) in late frame of ICGA results with or without clear evidence of neovascular networks. These fellow eyes were regarded as unaffected before they demonstrated the clinical symptoms or active polyps or exudation.
Patient Follow-up
To be enrolled in the current study, patients were required to have OCT-A imaging at baseline (when the first eye presented) and at least 6 months later. Patients were followed up at 1-to 3-month intervals, depending on the activity of the disease. At each visit, patients underwent visual acuity test, OCT, and a slitlamp biomicroscopy. Patients were diagnosed as having the fellow eye involved when OCT results detected exudative changes.
Statistical Analysis
Statistical analysis was carried out using JMP software, version 11.0 (SAS Institute). Log-rank test was used for the analysis of the difference between the incidence of those with nonexudative CNV and those without.
Results
We included 95 eyes of 95 patients with unilateral exudative AMD. The median follow-up period was 343 days. During the follow-up period, development of exudative changes was noted in 6 fellow eyes: 4 of 18 eyes (22.2%) with nonexudative neovascularization and 2 of 77 eyes (2.6%) without nonexudative neovascularization (odds ratio, 10.3; 95% CI, 1.34-124.0; P = .01, Fisher exact test). Mean (SD) visual acuity at baseline and at the time of exudative changes was 0.11 (0.10) and 0.08 (0.07), respectively. When classified according to modality of detection at baseline, exudation developed in 1 of 8 eyes (13%) detected with OCT-A alone, 1 of 5 eyes (20%) detected with ICGA alone, and 1 of 5 eyes (20%) detected with both modalities. The period between diagnosis and exudative changes was within 365 days in 5 eyes. The other eye developed exudative changes at 1275 days. The period between diagnosis and fellow eye involvement was shorter in eyes with nonexudative neovascularization than those without (Figure 1 ; P = .01, log-rank test). The risk ratio for those with nonexudative neovascularization relative to those without was 7.24 (95% CI, 1.37-53.1; P = .20). Estimated annual incidence of fellow eye involvement was 18.1% (95% CI, 8.5%-40.4%) and 2.0% (95% CI, 0.44%-8.40%) in those with and without nonexudative neovascularization, respectively. Exudative change developed in 2 of 35 fellow eyes (5.71%) in typical AMD and 4 of 60 fellow eyes (6.32%) in PCV, respectively, with no statistical differences between the 2 groups (P > .99). All OCT-A images recorded before and immediately after the onset of exudative changes were scrutinized. From the last OCT-A examination, exudative changes were noted at days 183, 101, 70, and 18 from nonexudative neovascularization and 299 and 170 days from de novo. In all 3 eyes whose OCT-A images were available within 6 months before the onset of exudative changes, there was an increase in the size of network vessels ( Figure 2 and Figure 3) . In another case, OCT-A imaging was available only at the time of exudation, which also showed increased flow compared with baseline (eFigure 1 in the Supplement). In contrast, there was no change in the size and shape of nonexudative neovascularization in the fellow eyes that did not develop exudative changes (Figure 4 ). There was a slight increase in leakage on FA before the onset of exudative changes in 1 of the eyes without nonexudative neovascularization at baseline (eFigure 2 in the Supplement), and neovascularization developed pigment epithelial detachment from preexisting RPE undulation in the other. The first sign of exudative changes on OCT was subretinal fluid in 4 fellow eyes and pigment epithelial detachment in 2 fellow eyes.
Discussion
Development of exudative lesion in the second eye in patients with AMD has major impact on the quality of life of these patients. The annual incidence of the fellow eye involvement in unilateral exudative AMD is reported to be between 4% to 19%, with no difference between white and Asian patients. Additionally, a study from Japan reported that the cumulative incidence of involvement in fellow eyes with exudative AMD was 3.4% in 1 year, 9.3% in 3 years, and 11.3% in 5 years, with no difference between typical AMD and PCV. 23 Similarly, a study from Korea reported that among 47 fellow eyes, PCV developed in 9 fellow eyes (19.1%) during the mean (SD) follow-up period of 30.3 (12.2) months. 24 The annual incidence of fellow eye involvement in the current study was 20.1%, which was comparable with that in previous studies. We, and others, 6,10-12 have reported that roughly 1 in 5 fellow eyes of patients with unilateral exudative AMD has nonexudative neovascularization. In the current cohort, nonexudative neovascularization was found in 18 (19%) fellow eyes at baseline. As reported in previous studies using ICGA, 6,7,10,11
nonexudative CNV did not show late-phase leakage of undetermined source or pooling of dye in the subretinal space, which defines occult CNVs. Management of these lesions remains unclear. This is owing to a lack of knowledge of the risk of development of exudation in such lesions. In the current study, we have made several important new observations. First, nonexudative neovascularization carries significant risk of developing exudation (estimated annual incidence, 18.1%). Second, few eyes without prior nonexudative neovascularization developed exudative neovascularization de novo (estimated annual incidence, 2.0%). Thus, eyes with nonexudative neovascularization are at almost 10 times higher risk of developing exudative changes than eyes without these lesions. Our finding is similar to a recent study in a predominantly Caucasian population that demonstrated the risk of exudation was 15.2 times lower for eyes without subclinical macular neovascularization compared with eyes with detectable neovascularization. 25 Therefore it is important to detect such nonexudative neovascularization so that these patients can be counseled and monitored appropriately. To our knowledge, there is currently no clinical data to support the treatment for nonexudative neovascularization before exudation occurs. In the current study, we were able to detect increase in size of vascular network noninvasively using serial OCT-A, corroborating a previous study.
25 However, we observed that such enlargement may occur for a certain time before exudation eventually occurs (Figure 3) . Therefore, initiation of treatment is also not clearly indicated even in the presence of increase in lesion size if there is no exudation. Based on our current understanding, we recommend OCT-A at baseline examination and frequent follow-up and detailed counseling regarding self-monitoring in these patients. Several factors have been reported to be associated with fellow eye involvement by exudative AMD or PCV. Previous studies have reported that presence of both drusen and pigmentary abnormalities are risk factors for developing exudative AMD. 26, 27 Elevation or disturbance of RPE have been observed on OCT before the diagnosis of the fellow eye conversion. 28 Development of PCV in fellow eyes has also been associated with RPE atrophy 23 and presence of late geographic hyperfluorescence on ICGA. 24 We recently reported that presence of pachychoroid epitheliopathy is associated with nonexudative neovascularization. 12 With the advent of OCT-A,
we can now noninvasively confirm that many of these areas of RPE disturbance actually harbors neovascularization and monitor these lesions longitudinally.
Limitations
There are limitations to our study. First, among patients who were initially diagnosed as having unilateral AMD, this study included only patients who had follow-up longer than 6 months. It is possible that the fellow eyes without nonexudative neovascularization require a longer time to develop exudative changes compared with those with nonexudative neovascularization. With further follow-up, there could be no difference in incidence of exudative changes between fellow eyes with or without nonexudative neovascularization. Additionally, some patients were lost to follow-up, and the long-term incidence of exudative changes may be underestimated or overestimated. Second, timing of follow-up interval and OCT-A scans were not uniform. Thus, some patients lacked OCT-A images immediately before the onset of exudative changes. In the current study, we used the SS-OCT system, which provides a better signal-tonoise ratio compared with spectral domain OCT system.
29-32
However, relatively high background noise may still limit our ability to visualize the neovascularization and calculate vessel density. Additionally, the OCT-A devise used in the current study lacks follow-up mode ensuring that the exact same retinal area was imaged at every follow-up visit.
Conclusions
This study is the first to describe a longitudinal observation to assess the long-term conversion of nonexudative neovascularization in the Asian population, to our knowledge. The presence of nonexudative neovascularization may predispose to the development of exudative changes. Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication.
